For a tJ -model in the X -operators representation a generating functional of the field describing fluctuations of matrix elements of electron hopping on a lattice is presented. The first order functional derivative with respect to this field determines the electron Green function, while the second order derivatives determine the boson Green functions of collective excitations in the system. Thus, the Kadanoff-Baym approach in the theory of fermi system with a weak Coulomb interaction is generalized on the opposite limit of systems with strong correlations. A chain of equations for different order variational derivatives were obtained, and a method was suggested based on iterations over the parameters of a tJ -model: the hopping matrix element and the exchange integral. This approach corresponds to a self-consistent Born approximation, not for the effective but for the original Hamiltonian. A scheme of calculation of the dynamical spin susceptibility is analyzed with self-consistent corrections of the first and second order.
Introduction
A tJ-model is the basic working model in the theory of strongly correlated electron systems. It is convenient for the study of an interaction of charge and spin degrees of freedom, because the model describes the correlated motion of electrons on the lattice. Here C i (C y i ) is an operator of annihilation (creation) of an electron on site i with spin , S i | operator of spin, and n i | operator of the electron number on a site. Hopping matrix elements t ij and exchange integrals J ij are usually taken in the nearest neighbours approximations, so the model contains only two energy parameters: t and J.
At half-lling, when the number of electrons on a site is n = 1, the model (1.1) reduces to the Heisenberg model and has a dielectric antiferromagnetic ground state. When a deviation from half-lling takes place then some concentration of holes = 1 ? n appears. They strongly interact with the magnetic order and locally deform it. As a result, a compound quasiparticle (magnetic polaron) appears, being a carrier of an electron charge in the system. A mathematical description of this situation is achieved by the transformation of Hamiltonian (1.1) into an e ective Hamiltonian of a hole-magnon interaction. The self-consistent Born approximation (SCBA) is an approximation leading to a magnetic polaron picture inside the antiferromagnetic phase. The last one exists when < c , where critical concentration c 1 1] . It is well known that in high-T c -compounds the superconducting state appears outside the antiferromagnetic phase when > c ; therefore, the question about applicability of the magnetic polaron picture for this concentration region is left open. For this reason a lot of new attempts are made to study the properties of the model (1.1) at > c 1].
We nd rather perspective here an approach on the basis of equations with variational derivatives in the spirit of the Kadano -Baym scheme 2]. At the beginning it was applied to the description of usual Fermi systems with a weak Coulomb interaction. Our aim is to develop a similar approach for the opposite case of systems with a strong Coulomb interaction, for example, for Hamiltonian (1.1) describing the correlated motion of electrons. The most convenient way to do that is to use the Hamiltonian of the tJ-model in terms of the Hubbard X-operators. Then, by the analogy with usual Fermi operators, one can introduce uctuating elds, corresponding to the hopping term in the Hamiltonian, in contrast to Kadano -Baym who introduced uctuating elds of the potential interaction. As the result of such an approach, equations for generating functional Z and variational derivatives of Z over these elds are derived. These equations are convenient for iterations with respect to parameters t and J, in contrast to Kadano -Baym equations convenient for iterations with respect to Coulomb interaction U.
The obtained equations allow one to develop a scheme of the self-consistent Born approximation (SCBA), not for the e ective Hamiltonian, adopted for the description of the antiferromagnetic phase, but for the original Hamiltonian (1.1) and for the paramagnetic state as a ground state of the system. The rst attempt of such an approach was given by us in 3].
Generating potential in terms of X -operators
Because of the projection factors (1 ? n i ) in the hopping term of the Hamiltonian, it is convenient to rewrite it in terms of X-operators: One must add the obvious relation to equations (2.11) and (2.12):
Equation (2.11) is the basic equation corresponding to the Kadano -Baym method applied to a strongly correlated system. In contrast to the theory of a usual Fermi-system here variational derivatives are taken over the uctuating eld of the hopping term but not over the potential one. For this reason equation (2.11) is convenient for iterations with respect to parameters t and J, while in the usual Fermi-system variational derivatives are taken over the parameters of an electron interaction.
The basic equation (2.11) connects the rst derivative of Z with the second one.
To nd an equation for the second derivative it is necessary to take a variational derivative of equation (2.11) After di erentiation in these equations one has to put variable t 12 equal to matrix element t 12 standing in the hopping term of the Hamiltonian.
In gures 1 and 2 a graph representation of the basic equation is given. A four- tail diagram denoting a second order variational derivative is not a vertex part but a two-particle Green function. We shall see later that the zero approximation over contains a nonconnected part, generating in the equation the rst order graphs, corresponding in the usual Fermi system theory to Hartree-Fock terms. The connected part of the zero approximation generates new type graphs absent in the Fermi system theory. Corrections of the rst and next orders generate vertex parts, more complicated in comparison with the usual Fermi systems 5,6]. 
Calculation of variational derivatives
In accordance with the graph representation for the second derivative shown in gure 1, we shall look for the form: 1 :
The quantity = t is an electron Green function (Z = e i ), while? 2 is to be considered a vertex part. In the theory of the usual Fermi system? 2 should be a real vertex part of an electron-electron interaction. In the case of strongly correlated electrons the situation is di erent and in representation (3.1)? 2 should be an operator. It acts on the Green function standing by the left-and the righthand side and can transform them into other Green functions.
The representation (3.1) is, however, convenient because it opens a way to calculate the second and higher derivatives. In the right-hand side of this relation we may use equations (2.11) and (2.12), and in the left-hand side { equation (2.16) (and a conjugated one). It allows one to nd? 2 as a series in powers of and . After rather cumbersome calculations we nd quantities? 2 for two second variation derivatives with equal and opposite spin indices. In the zero approximation Besides The third order variational derivative is calculated in the same way. It is necessary to start from the relation of type (3.1) not with four but six factors = t. The complete expression is too complicated to write it down. It contains nonconnected diagrams corresponding to the product of the second derivative and the rst one. Among the connected diagrams there are graphs constructed only from electron lines ( ve lines) and graphs with one boson line and four electron lines converging to one point (as in the pure electron graphs in gure 4). Finally, there are peculiar graphs containing a structure corresponding to a six-tailed one with pairs of joint electron lines (a ower with three clovers). Such type of graphs is shown in gure 5. One can check that a complete set of graphs for the third derivative provides the necessary symmetry arising from the possibility to change the order of di erentiation. Besides, the symmetry is achieved according to the permutation of pair indices (3, 5) and (4, 6) .
In principle, in the same way it would be possible to obtain a graphical representation for the fourth derivative (eight-tailed) of the zero approximation. 
The magnon Green function
The magnon Green function can be found if the second derivative 2 Z= t 12 t 34 is calculated in some approximation. According to de nition (2.9), it is enough to equate indices 4 = 1 and 3 = 2. We calculate rst D 1 (12) at the zero approximation. In the left-and the right-hand sides of the graph relation in gure 4 we make these indices equal to each other. Then, an equation for D 1 (12) appears, which we write in the analytical form: We neglect the last term in expression (4.2) which changes only a numerical coe cient. If in this expression sites 1 and 2 are put to be the nearest neighbours and also time 1 and 2 to be equal, we obtain a relation between the spin and electron correlators coinciding with the one obtained in 4].
To include corrections of the rst order in the magnon Green function we must calculate the second derivative with the accuracy up to the rst order with respect to t and J. Then, making the indices equal in the same way as in the zero approximation, we come to the equation, presented in gure 6. Its solution gives , with a di erence in numerical coe cients. At q = 0 the last term in the denominator can be neglected, thus, the ferromagnetic instability of the system is determined by the hopping term in the Hamiltonian. In contrast, at q = Q = ( ; ; : : :)=a Q(q)+ (q) = 0 the antiferromagnetic instability is determined by the exchange term. In 3] we showed that in the Hubbard-1 approximation for electrons (Q; 0) (1 ? n) and antiferromagnetic instability occurs only when J t, which is not consistent with the known idea 1] that critical value J=t for the appearance of antiferromagnetic order should be small, as half-lling (1 ? n) is approached. It means that near n = 1 for the analysis of antiferromagnetic instability it is probably necessary to go beyond the mean eld approximation for electrons. The other possibility is to take into account the second order corrections for t and J. In the next chapter we will give a preliminary analysis of these corrections without explicit calculations.
On the second order corrections in the magnon Green function
It would be di cult to look for these corrections by the method of 3] because one should know self-energy of electrons up to the third order. In the present approach it is su cient to have corrections up to only the second order for the second derivative. We need for this the forth order derivative (eight-tailed) in the zero approximation. As we saw earlier, the number of terms increases very fast with the order of the derivative, and a selection of actual diagrams is necessary. In our case (nearly half-lling) this selection might be done on the basis of parameter 1 ? n 1.
Let us look for the magnon Green function (4.2) of the zero approximation.
Factor 1 ? n in the denominator does not yet mean a singularity because it may be cancelled by the numerator. However, it is necessary to pay attention to all the terms containing this factor in the denominator. Notice that this factor appeared due to the coe cient in the left-hand side of equation (4.1). We try to search for such factors in expressions for the third and fourth derivatives, however, we shall use now another method based on the Wick theorem for X-operators 5, 7] .
We start from the second order derivative written in the form: 1 hT (1) y (2) (3) y (4) - (5) A di erent situation occurs if the forth order derivative (eigt-tailed) is studied by the same method. When calculating T-product of eight -operators, we take into account only two systems of pairing: DT (1) y (2) (3) y (4) (5) y (6) (7) (5.11) We see from here that the derivative has a singular factor 1?n in the denominator. The di erence in the third and fourth derivatives is caused by di erent signs in diagrams of the ower type in six-tailed and eight-tailed diagrams. It is easy to see that the singular factor should always appear in the ower type diagrams with an even number of clovers.
If in expression (5.10) for the fourth derivative we take only the last term, we obtain a second order correction in the magnon Green function presented in gure 8. For this graph an analytical contribution into the denominator of expression (4.3) is
Of course, a symmetrical graph in gure 8 should be added which gives expression (5.12) with the change q ! ?q.
Due to singular factor 1 ? n, the second order corrections are as important, when n ! 1, as the rst order ones. Zero in the denominator of the magnon Green function (4.3) at ! = 0 and q=Q determines a boundary of the paramagnetic phase stability with respect to the appearance of an antiferromagnetic order. As one can see from (4.3) and (5, 12) , this boundary goes along the line of type 1 ? n J=t, as it should be. Detailed analysis of the magnetic phase diagram will be given elsewhere.
Conclusions
We have generalized the Kadano -Baym approach to systems with strong electron correlations and applied it to a tJ-model. The X-operator representation allows one to derive equations for variational derivatives of the generating functional in a form convenient for iteration with respect to t and J. Within the framework of the general approach we suggested an approximation of the SCBA type, where electron and boson Green functions are considered as exact, and vertex parts are expanded over t and J. In such an approach the problem of calculation of the Green functions reduces to the calculation of the variational derivatives in the "zero" approximation with exact Green functions. It opens a possibility to obtain self-consistent equations for Green functions.
We have suggested a method for the calculation of variational derivatives in the zero approximation, which gives a correct symmetry arising from the possibility to change the order of di erentiation. The results for such calculations are too cumbersome and we presented them only for the second derivatives. It is remarkable that they are consistent with the diagram technique for X-operators based on the generalized Wick theorem 7].
We used this formalism for the calculation of the magnon Green function in the paramagnetic phase. To avoid cumbersome calculations of higher order derivatives based on the representation of the (3.1)-type we calculated the third order derivative by using the Wick theorem, because in this case the exact symmetry is not important. We have found graphs giving a growing contribution when the system tends to half-lling. In n ! 1 limit only graphs of the second order containing singular factor (1 ? n) ?1 should be taken into account. They produce instability of the paramagnetic phase with respect to antiferromagnetic ordering. Singular contribution (5.12) in the denominator of the magnon Green function comes from the graph in gure 8. One can see that it involves a magnon in the intermediate state. The corresponding physical process is the following: a magnon creates an electron-hole pair with the same spins and still it exists itself. Then, one of particles of the pair absorbs this magnon. As a nal result, an electron-hole pair with the opposite spins appears. Notice that the possibility of such a virtual process is connected with the existence of two types of vertices for the electron-magnon interaction in the diagram technique for the tJ-model: elastic and inelastic ones. Both vertices are involved in the second order graph.
We consider the results of the calculation of the magnon Green function as preliminary ones. It is necessary to look for singular terms among high order diagrams. It is also necessary to calculate the plasmon Green functions (2.10), particularly for the longitudinal spin deviations, and also to calculate the second order correction to the electron Green function. In this way a self-consistent system of equations for boson and electron Green functions can be obtained.
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